In this paper, a new artificial skin tissue device which can emulate the stiffness of several organs of human is proposed and analyzed utilizing magneto-rheological (MR) fluid (MR skin). The proposed skin could be applied for the robot-assisted surgery manipulated by haptic devices as a controllable tactile sensor. The method in this paper is design of multi-embedded valve networks inside the structure of the master actuator. These valves use the flow mode and shear mode of MR for pressure control. Deformation equation of the MR skin is derived and the external force contacting the MR skin is also analyzed. After formulation, the proposed tactile display is optimized by using the finite element method software (ANSYS ADPL). It is shown via the optimization that the results can satisfy the initial requirements of the design. From the simulation results, the adjacent coils with similar setup show outstanding results compared with adjacent coils with discordant setup. This directly indicates that the proposed MR skin structure is feasible in the manufacturing and is applicable to haptic devices, especially those used for robotic surgery.
INTRODUCTION
Recently, many research studies have been carried out on mmicking human skin via electronics, as shown in Figure 1 . Nonetheless, according to Wang et al., simulating the human skin using tactile display with the ability to distinguish among a wide range of force values and with a rapid response is still challenging 1 . Moreover, the device's ability to mimic the surface of an object, including the deformation, texture, shape, roughness and temperature, also warrant further research. By simulating the surface of the human organs, the device transmits small-scale information of the deformation of the skin to the operator's hand 2 . This application could be applied in minimally invasive surgery in order to provide a realistic environment for teletaction and high surgical precision. Such devices could be developed using different approaches, including electromagnetic technologies, shape memory alloys, electrorheological fluids, magnetorheological (MR) fluids and pneumatic systems 3 . Among these compliant tactile displays, MR fluid possesses outstanding properties since it has low cost, low power consumption, and a simple configuration -without any moving components 4 . MR fluid is a kind of smart fluid which contains ferromagnetic particles -mostly micrometer scale -and oil carrier 5 . In ambient conditions, MR fluid behaves like Newtonian fluid. When the free-flowing liquid is placed under a magnetic field, MR fluid immediately changes its density and transforms into a semi-solid state with a different mode of operations, including valve mode, squeeze mode and shear mode. These properties allow the user to control the behavior of the MR fluid by manipulating the magnetic field 6 . Therefore, MR fluid is applied in many different research fields and has contributed to creating cutting-edge technology devices, such as MR brake, MR damper and MR valve 7, 8 . In this paper, MR skin consists of a multi-valve system which deploys the behavior of MR fluid; the progress of optimal valve design is proposed. The objective of this study is to create a new tactile display device with the ability to mimic the surface of different human organs. In order to achieve that, the MR skin surface would have to mimic the deformation of the organ based on palpation force and surface deformation aspects. This device is designed to provide the user's hand with realistic sensation through appropriate palpation force and surface deformation. MR skin has promising potential to be applied in robotic masterslave systems, such as the da Vinci T M Surgical System. Due to the development of the surgical robotic system, the need for a tactile display device for better tactile sensations and spatially distributed information is recognized. The structures of the next sections are organized as follows: Section 2 gives an overview of the MR skin configuration and the valve network design, Section 3 analyzes the desired parameters in order to emulate the real organs and also the displacement calculation, and Section 4 provides the optimization parameters and the results configuration.
CONFIGURATION AND ANALYSIS

MR skin configuration MR kin design
To provide the best experience, the width and length of the device are chosen to fit the dimensions of the human hand. When touching the device, the vibration stimulus would be recorded and classified, based on different characteristics such as strength and location. This design has a total of 25 cells and can be divided into 2 types. The configuration is shown in Figure 2 , in which type 1 refers to cells containing only MR Fluid and type 2 refers to valve cells. These cells are arranged alternately, and each MR fluid cell is surrounded by 2 or 4 valve cells. The MR fluid cell is able to exert forces normal to the MR skin surface against the applied forces. The strength of the palpation force can be controlled by the intensity of the magnetic flux. This feature is manipulated by the electromagnet which is placed under the MR skin surface. The coils setup can be adjusted to create clock-wise or counter clock-wise magnetic field lines. At the initial state, the MR skin has a flat surface, as shown in Figure 3 . The fluid pressure inside the device can be calculated as the sum of the initial pressure p o the laminar pressure, and the turbulent pressure of the MR flow. The initial pressure is chosen so that it would be close to the ambient pressure. The turbulent pressure only appears when the Reynold number of the MR fluid is larger than 2300. According to studies by Goncalves et al., if the MR fluid velocity is smaller than 40 m/s, then its maximum Reynold number is just over 1200 9 . This value is significant lower than the critical Reynold number. The fluid velocity in the tactile display is undoubtedly smaller than 40 m/s. Thus, there would be no turbulent pressure in the MR skin and the formula of the pressure inside the device can be written as (Equation (1)):
As shown in Figure 3 , below the MR skin's surface is a suspension system. This system connects with the frame underneath to stabilize the structure. The cylinder frame could be used as an electromagnet to manipulate the palpation force. The blue parts inFigure 3 are made from magnetic material. There is a displacement sensor installed under each valve cell. The displacement sensor could also function as a force sensor. These sensors would provide accurate information about the position, strength of the applied force, and how long the force would last. The control system would be based on these signals to adjust the valve.
Valve design
As mentioned above, the MR skin consists of valve cells and MR fluid cell. The valve system includes 12 identical valve cells and 13 MR fluid cells. The gap of the valve is small enough so that the MR fluid would work properly when the magnetic field is applied. This gap also removes the block phenomenon of the valve. The coil is placed inside the valve system in order to increase the magnetic field strength. The dimensions of the valve are shown in Table 1 . When the valve is open, the MR skin surface will deform with a low palpation force. The valve gap is 0.5 mm, which is sufficient for the MR fluid to operate effectively and prevents the sudden deformation of MR skin. Theoretically, with a high enough current intensity, the valve would completely block the movement of the fluid among the MR cells. The valve's crosssection has an isosceles trapezoidal shape, as shown inFigure 4. The inner length of the isosceles is 24 mm and the outer length of the isoceles is 30 mm, as shown inTable 1. Due to the simple structure, its execution requires fewer accessories and no moving parts. Besides, this configuration allows the valve to work more efficiently when the magnetic field is applied.
Working principle
The MR skin is a tactile display which mimics the human organ surface to support the operator of the haptic device. InFigure 5, when the operator's fingertip contacts with the MR skin, the MR skin will have a slight vibration and displacement. This vibration is recorded by a force sensor under the valve cell. This sensor also works as a displacement sensor and collects the information of the MR skin surface deflection. The signal is converted from analog to digital and fed into the controller. This controller would manipulate the current power. The current intensity will directly control the magnetic field. This magnetic field would act like an actuating signal for the valve network. The displacement sensors are placed under the MR valve measuring the real time deflection of the MR skin surface and feedback to the controller. This feedback loop would provide the controller with the information of the position, velocity and the palpation force generated by the MR skin. Hence, the MR skin surface could maintain the deformation accurately and provide the user with a more realistic sensation.
MR skin deformation analysis
Desired palpation force
To imitate the human organ, numerous factors need to be considered. Firstly, how the strength and frequency of the applied force affect the deformation are examined. Secondly, the environmental elements such as the temperature or texture of the organs are studied. At the initial stage of creating the MR skin, only the palpation force and the displacement of the MR skin will be analyzed. Palpation force is the reaction force between the MR skin and the human organ.
A dynamic force sensor is used to measure this value.
An experiment was carried out on five different external human organs 2 . The results are shown in Table 2 (by Han et al.) 2 . The palpation force oscillates approximately between 0.4 to 1.5 N. Thus, MR skin needs to be able to exert a force normal to the tactile display surface with the value ranging from 0 to 2 N. 
Desired displacement value
To provide the realistic sensation when touching the MR skin, the displacement of the MR skin's surface also needs to be considered. In 2015, an experiment was carried out by Ogawa et al. on the stomach to evaluate the stiffness of the organ palpation device 10 .
The results are shown in Figure 6 . From these diagrams, a displacement value of approximately 0.004 m will generate a reaction force value around 1.2 N. As mentioned above, the proposed device needs to produce a palpation value equal to 1.5 N. Hence, to satisfy the design requirements, a displacement value of 0.005 m was chosen.
Desired elastic modulus
Since the goal of the MR skin is to mimic the human organ, the elastic modulus of the MR skin also has to be considered. The material of the MR skin surface has to possess similar biomechanical properties as the human skin. The young modulus of the human skin could be found by using elastography. This is a medical imaging modal which shows the relationship between the elastic properties and the stiffness of soft tissue. Xing Liang et al. had performed an experiment using dynamic optical coherence elastography (OCE) and mechanical surface wave propagation principle to measure the biomechanical properties of the human skin 11 . The results are shown in Figure 7 . The maximum Young modulus value of the human skin in this experiment was nearly 450 kPa. However, with the limitation of the material choice, it is very difficult to manufacture the MR skin surface which has such a low Young modulus like the human skin. Therefore, a material which has the Young modulus around 1 MPa could be more suitable.
MR skin surface deformation formula
At the initial state, a high current intensity is used to activate the magnetic field. The relation between the magnetic field B and the current intensity I c is (Equation (2)):
Where µ 0 is vacuum permeability which is equal to 4π.10 −7 (H/m) and n is the number of coil turn. 
Where τ y is the critical shear yield stress of MR fluid and m is the apparent viscosity. For the simplicity of calculation, it is assumed that the force applied by the user's hand is spread equally over the MR fluid cell. Besides, only the deformation of one cell's surface would be analyzed. The differential equation of the forth order of the deflection curve could be calculated as follows 13 (Equation (4)):
Where D is the displacement, I is the moment of inertia, E is elastic modulus of the MR skin's surface, and q is the distributed load. From integration of Equation (4) four times, we have the equation below (Equation (5)):
This equation is independent of support. If one plugs in the boundary conditions to solve for C 1 ,C 2 ,C 3 and C 4 , the displacement of the skin's surface can be derived as follows (Equation (6)):
To mimic the human tissue, the elastic modulus could be calculated using Equation (7) 14 . This value is chosen so that it is close to the chosen value in section 3.2.
Where v is the Poisson's ratio, α is the thermal expansion coefficient, q is the intensity of the continuously distributed load, and w is the component of displacement. 
OPTIMIZATION AND RESULTS
In this design, a valve network is embedded inside the tactile display to provide the best experience for the user. The deformation of the MR skin and the elastic modulus of the MR skin surface material can imitate the characteristics of the human organ. The initial parameter and configuration are shown in Table 3 and Figure 9 , respectively. The software ANSYS 12 is used to solve the magnetic loop and program for the optimization. The process of optimizing the MR skin design concentrates around four parameters related to the dimension of the MR skin surface and MR fluid cell. These parameters have a significant role in determining the flow of MR fluid through the valve cell and the displacement of the MR skin when the user touches its surface. Table 4 shows the range and the final results of the optimization. With these parameters, the displacement and the palpation force value equivalent to 5 mm and 2 N, respectively, could be achieved. The velocity of the deformation could be controlled by the current power. Besides, the coil's arrangement also affects the MR fluid behavior. Figure 10 shows the magnetic field inside the network with discordant coil setup. From the simulation, the first configuration clearly shows better results. Different values of intensity currents are also carried out for the test. In Figure 10 , a current value of 2 Ampere is used. Figure 10a shows a strong magnetic field (the green part) in the gap. Since the coil configuration in Figure 10a is better than Figure 10b , the first configuration is used to analyze the difference of the magnetic field when adjusting the current. In this case, two current intensity values equivalent to 1 and 0.5 Ampere, respectively, are used and shown in Figure 11 . From Figure 10 and Figure 11 , it is undeniable that the lower current would lead to a weaker magnetic field. With this relation, the gap could act like a throttle valve of the combustion engine. Thus, the amount of the fluid through the gap and its velocity could be controlled effectively.
From the above results, the objective of the design of MR skin was obtained. MR skin was analyzed for both configuration and applied force. The flow of MR fluid inside the MR valve was optimized to prevent the block phenomenon. Based on the applied force on the surface of MR skin, the applied current can be adjusted to bring a comfortable sense for the human hand using control tactile devices. In addition, the simple structure and high efficiency in operation are also advantages of the proposed design, and could be optimized further for cost of manufacturing in the future.
CONCLUSION
In this study, the proposed device successfully reproduced the deformation of the human organ, especially with respect to displacement and palpation force aspects. A deformation of 5 mm and a palpation force of 2N was achieved by the MR skin. Through simulation and optimization, surface thickness and cell depth should be equivalent to 0.121mm and 40mm, respectively. Moreover, valve length and valve height equivalent to 24.01mm and 25mm, respectively, are required to achieve the desired displacement and the desired palpation force. The valve network and the MR fluid inside could be used to control the speed and the depth of the surface deformation through magnetic field manipulation. It has been demonstrated that the pressure of MR valve can be controlled efficiently and, hence, MR skin is feasible to be applied in biomedical devices, such as haptic devices. For example, MR skin could be employed to incorporate with minimally invasive surgical technology to en- hance the sensation of the operator. Moreover, mechanisms to control the velocity of the fluid flow through the valve under the magnetic field should be further studied. As well, investigations of the temperature and texture aspects of the MR skin need to be further explored for use in practical environment.
